A vast number of projects on salinity in irrigated agriculture were funded by the Water Research Commission (WRC) during the past 40 years. However, due to the diversity of the projects it is virtually impossible to cover all aspects thoroughly in a paper of limited length. Thus this review focuses mainly on projects along the Lower Vaal, Riet, Berg and Breede Rivers in South Africa. The results on the water quality of these rivers indicate that irrigation has led to the deterioration of water sources. There is a direct relationship between river water quality and soils irrigated. Fortunately, effective landsuitability guidelines were developed and applied during the establishment of the major irrigation schemes. This facilitated the management of soils under irrigation. The results from long-term irrigation case studies along the Lower Vaal River and Breede River show that the quality of soils can be improved. The opposite is also true where mismanagement occurred. Research on the salinity threshold of major crops (grapevines, wheat, maize, groundnuts, etc.) confirmed the empiric nature of the guidelines. It is suggested that a more dynamic approach be used for managing salinity under irrigation at farm level, i.e. the use of models. Amongst others, future research should focus on determining the spatial and temporal distribution of salt in irrigated soils.
Introduction
Irrigation contributes significantly to crop production in South Africa since the country does not have rainfall in abundance (Backeberg, 2003) . The mean annual precipitation for the country as a whole is only 480 mm. It follows that sustained food production in some of the drier provinces is only possible with irrigation. For example, in the Western Cape virtually the entire fruit and wine industries are dependent on irrigation. Cropping in the Eastern and Northern Cape also relies heavily on irrigation. Salinisation of water resources in these provinces is therefore of great concern for irrigation. High levels of salinity impact negatively on soil quality and crop yield.
According to various reports published during the 1960s to 1980s, the salinity of South Africa's water resources has been deteriorating steadily, albeit slowly (Stander, 1987) . This has been true especially for rivers and storage dams in the Gauteng industrial area (Stander, 1987) and in the semi-arid south-western and south-eastern parts of South Africa (Fourie, 1976) . At that stage problems associated with salinity in irrigated agriculture had already been encountered in some of these areas. Some examples are the irrigation schemes of the Fish and Sundays Rivers in the Eastern Cape (Hall and Du Plessis, 1979) , the Riet River in the Free State (Van der Merwe, 1965) , the Berg and Breede Rivers in the Western Cape (Cass, 1986) and the Vaalharts Irrigation Scheme in the Northern Cape (Streutker et al., 1981) . These earlier studies were sporadically conducted by either the Department of Agriculture or the Department of Water Affairs to solve problems experienced by irrigation farmers. However, research undertaken at the University of the Free State, Rhodes University and Stellenbosch University also contributed to our knowledge.
During the 1970s and even the 1980s elevated salinity levels were attributed to the quality of water received from the Department of Water Affairs (DWA) for distribution to users. The idea that water quality in rivers and hence storage dams could be affected by land use was not generally accepted. The department decided therefore not to monitor land salinity, but to intensify water quantity and quality measurement in rivers. This resulted in an expansion of the DWA's database, which originated in the 1960s, to one of the largest national attributes for planning and research concerning water resources. In retrospect it was a good decision by the DWA.
Fortunately, in 1971 the Water Research Commission (WRC) was founded to coordinate water research in South Africa. This resulted in research prioritisation. Cass (1986) for example, was commissioned to take stock of water-quality data suitable for modelling irrigation return flows. He concluded that insufficient long-term data sets existed, particularly on soils and crops for this purpose, with the exception of data collected by Streutker et al. (1981) for the Vaalharts area. This finding of Cass (1986) , and recommendations made in reviews on the degradation of irrigated soils (Scotney and Van der Merwe, 1995) and irrigation water quality (Du Plessis, 1995) , led to a substantial number of WRC projects, spanning 40 years, which dealt in one way or another with salinity management under irrigation (e.g. Cass, 1986; Nel, 1988; Greef, 1990; Moolman, 1993; Herold and Bailey, 1996; Herald, 1999; Moolman et al., 1999; Du Preez et al., 2000; De Clercq et al., 2001a; Ehlers et al., 2003; Ellington et al., 2004; Fey and 
Irrigation and river water quality
This section focuses on the effect of irrigation on the quality of water along the course of selected rivers, namely the Lower Vaal River and its tributaries (Harts and Riet Rivers), Berg River and Breede River (Fig. 1) . The Lower Vaal River and its tributaries are located in the summer-rainfall area, while the Berg and Breede rivers are situated in the winter-rainfall area. The Lower Vaal River and its tributaries supply water to irrigate 80 000 ha of land, viz. 58 000 ha along the Lower Vaal River, 19 500 ha along the Riet River and 2 500 ha along the Harts River. Farmers irrigate mainly field crops (maize, wheat, groundnuts, peas, oats, potatoes, etc.), pastures like lucerne and teff, and small areas of perennials (vineyards, pecans, citrus and olives) (Herold and Bailey, 1996; Ninham Shand, 2004) . For the Berg River, only 6% of the land surface area is related to irrigation and explains the absence of an irrigation scheme. Thus land use is mainly allocated to dryland agriculture (mainly wheat). The Breede River Valley forms part of drainage region H (DWAF, 1986) and is an important agricultural area for the production of high-value crops under intensive irrigation. Irrigated agriculture accounts for more than 80% of the total water use in drainage region H. There is a wide and dynamic crop mix, but wine is the primary product with 65% of the area under wine-grape varieties. Other crops produced in the valley are peaches and apricots (13%), vegetables, mainly tomatoes (3%) and irrigated pastures (7%) (Moolman et al., 1999) .
Since the 1950s, the Department of Water Affairs and Forestry (DWAF) collected water quality data on the major river systems in South Africa (Du Preez et al., 2000) . The data were used to assess the broader impact of irrigation and other anthropogenic factors on the water quality of the selected rivers. The quality parameters were: calcium, magnesium, sodium, potassium, silicon, sulphate, chloride, fluoride, ammonium, nitrate, nitrite, phosphorus, pH, calcium carbonate (total alkalinity) and electrical conductivity (EC). Of these parameters, EC and sodium adsorption ratio (SAR, derived from Na, Ca and Mg concentrations) are discussed. The results of the long-term mean EC and SAR for the rivers have been summarised and are given in Table 1 . It was not possible to estimate the 2020 impact of irrigation on the water quality of Berg and Breede Rivers.
Lower Vaal River and tributaries
The water quality of the Lower Vaal River reflects the irrigated agriculture sector, because water use by industries and municipalities is relatively low. The results in Table 1 show clearly that EC and SAR increased along the course of the rivers. For example, the Vaalharts Irrigation Scheme (Fig. 2) abstracts water from the Vaalharts weir (C2S1 class) and discharges most of the leachate and excess water into the Harts River. This management system causes the water quality of the Harts River to deteriorate from a C2S1 class (above discharge) to a C3S1 class (below discharge). The problem is that the water flows into Spitskop Dam where it is further used to irrigate mainly clay soils. Fortunately, the sodium load of the water is low and the EC is high, which means that the infiltration capacity of the soils is not seriously affected. However, users of Spitskop Dam water should be aware of this situation and the need to adopt best management practices to sustain irrigation farming in the long run. The long-term projection (2020) of Du Preez et al. (2000) indicated that the SAR will increase to just above 6, which implies that the hydraulic properties of the clay soils will be degraded. If this happens farmers might be forced to install artificial drains to leach the excess salts. Thus, the current water management option will bring about huge costs for future farming downstream of Vaalharts Irrigation Scheme. Excess water from Spitskop scheme drains back into the Vaal River near Delportshoop. The salt is then transported downstream where it blends with water from the Riet River. 
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Drastic measures were taken in the past to control the effluent of the irrigation sector along the Riet River (Fig. 3) . Water of a high quality (C1S1) is transferred via the OrangeRiet Canal to the Jacobsdal Irrigation Settlement and the excess water as well as the drainage effluent is discharged into the Riet River. Despite this effort the water quality of the river downstream of the confluence of the Riet and Modder Rivers remained a C3S1 class. This can be ascribed to the salt load of the Modder River (C2S1), Riet River (C2S1) and the lithology of the catchment. The salts in the soils and sediments are mobilised through irrigation activities and the effluent drains to the river to be used by irrigators downstream. The 2020 prediction revealed that the EC will increase from long-term average values of 136 mS·m -1 to 157 mS·m -1 and the SAR from 3.2 to 4.6. This implies that extension officers and advisors need to promote best management practices to avoid the negative impact of the salt load on soils and crops along the Riet River.
Berg and Breede Rivers
The water quality results of the rivers are presented in Table  2 , and patterns along the main streams of the Berg and Breede Rivers are shown in Fig. 4 and Fig. 5 , respectively. The chronic water shortage during the summer season due to the absence of rain is a major problem in these rivers. During this period water seeps from the crop fields into the tributaries, causing the water quality to deteriorate, as indicated in the results. This (Kienzle, 1990) . Similar data exist for the Berg River and the natural trends of increased salinity at the time (1976 to 1990) are alarming. It is also quite evident from the Berg River data that the water quality of the main stream was affected by the tributaries, in most cases increasing the salinity of the Berg River.
Since both river systems also supply water to the fast-growing Cape Town metropolis, the lack of water during summer months is currently posing an increased problem for the farming communities of these catchments. De Villiers (2007) and 742 Nieuwoudt et al. (2008) indicated that, with the addition of the new Franschhoek Dam and subsequent increase in the storage capacity of dams in the Berg River catchment, the reduction in the occurrence and effectiveness of floods to lower the salinity levels in the main stream may also be a potential cause for concern in future.
Irrigation and soil quality Guidelines for evaluating irrigated soils
Evaluation of the suitability of soils for irrigation is the key element in sustaining long-term quality of irrigated soils. This was the view of many soil scientists who surveyed soils of major irrigation schemes in South Africa; Sundays River, the Great Fish River and Hartbeespoort Dam (1912 Dam ( -1930 , followed by Vaalharts, Pongola, Riet River and Lower Orange River (1930) (1931) (1932) (1933) (1934) (1935) (1936) (1937) (1938) (1939) (1940) . The surveyors were very strict in their application of soil suitability guidelines for irrigation. As they gained experienced they also improved these guidelines (Verster and Stofberg, 1974; MacVicar, 1976; Irrigation Planning Staff, 1980; Hensley and Laker, 1980; Bester and Liengme, 1989) . The latest guidelines include 2 terrain properties (topography and the need for drainage), 4 soil physical properties (effective depth, texture, structure and coarse fragments) and 2 soil chemical properties (Schoeman, 1987 , SAR >15 and pH >8.5). Schoeman (1987) developed a 5-class land-suitability guide (classes ranging from Class I to Class V), incorporating 6 soil properties to derive the potential hazard of irrigation to the soil, crop and environment. For example, a Class I soil poses no hazard to the sustainable management of the soil, crop and environment and is regarded as highly suitable for irrigation. A Class V soil, on the other hand, is unsuitable for irrigation because of the potential hazard to the soil, crop and environment. Thus management inputs intensify from Class I to Class IV with Class V is perceived as non-irrigable.
National perspective on quality of irrigated soils
Management of irrigated land is of utmost importance at national, local and farm level. For national purposes, Backeberg et al. (1996) estimated the area under irrigation for the provinces of South Africa (Table 3 ). The land was further divided into suitability classes: Class I is 'highly suitable', Class II 'suitable' and Class III 'risky'. These results indicate that 48% of the total irrigated area is regarded as 'highly suitable', 39% as 'suitable' and 13% as 'risky'. The irrigated land areas in Gauteng, Mpumalanga and North West are of a high quality, while Eastern Cape, KwaZulu-Natal, and Limpopo have significant portions of irrigated land in the risky class. The Western Cape has the largest area under irrigation, but a large portion (52 637 ha; 4% of the irrigated area of South Africa) falls in the 'risky' class (Class III). Thus, from these results a conclusion can be made that the soil quality of the irrigated land seems satisfactory. This can be attributed to 
Figure 5 The Breede River catchment indicating the river system and the major dams and the electrical conductivity (EC) measurements
at selected points (see Table 2 )
Figure 4 The Berg River catchment indicating the river system and the major dams and the electrical conductivity (EC) measurements
at selected points (see Table 2 743 the strong criteria of soil selection enforced by Department of Agriculture. However, soil quality can change rapidly under irrigation as will be seen in the next section.
Soil quality along the Vaal River
The WRC report of Du Preez et al. (2000) provided insight into soil-quality changes caused by long-term irrigation. Du Preez et al. (2000) sampled virgin and irrigated soil profiles along the Vaal River. The profiles were sampled at Vaalharts, Spitskop, Wildeklawer, Zandbult and Jackson during March 1998 to a depth which was limited by either a hard layer (dry sandy loam and clay soils), a water table (some irrigated soils) or a maximum depth of 2 000 mm. Each profile was described in situ according to the format of Turner (1991) and classified according to the Soil Classification Working Group (1991). Du Preez et al. (2000) used the following materials and methods: Every profile was marked in depth intervals of 200 mm and then sampled. Additional soil samples were also collected at the same depth intervals with either a Thompson or Edelman soil auger about 5 m away in all 4 wind directions from a profile pit. This was to check whether the salt content of a pit was representative of the site. The soil samples were dried at about 40°C, crushed to pass through a 2 mm sieve, thoroughly mixed and stored in glass bottles until analysed using standard methods (The Non-Affiliated Soil Analysis Work Committee, 1990). The analyses included particle-size distribution (organic matter and carbonates were not removed, but the Calgon aliquot was increased from 10 mℓ to 50 mℓ and a hydrometer was used), electrical resistance and water content of a saturation paste, electrical conductivity (EC e ) and cation (Ca, Mg and Na) content of the saturation paste extract. The concentrations of the cations were determined by atomic absorption spectrometry. SAR was estimated from the concentration of Na, Ca and Mg in the saturation paste extract.
The results of the soils sampled along the Vaal River are summarised in Table 4 . In total 6 soil forms were identified: Hutton, Bloemdal, Bainsvlei, Valsrivier, Sepane and Arcadia forms (Soil Classification Working Group, 1991) . None of the virgin soils were saline, sodic or sodic-saline.
Sandy soils, although highly suitable for centre-pivot irrigation systems, demand careful management. For example, the Hutton (fine sandy Quartzipsamments; Soil Survey Staff, 1999) form was sampled in Vaalharts and Wildeklawer. The soils were described as deep, fine sandy, dominantly red, freely drained, eutrophic and with parent material that originated from aeolian deposits. Such soils are highly suitable for centre-pivot irrigation (Class I) and to a lesser extent (Class 745 all extra salt in the system was leached. This response therefore indicated that different soil types had specific salinity threshold values and when irrigated agriculture is planned for a region, the specific salinity threshold values, which can also relate to the cation exchange capacity of the soils, need to be kept in mind. It was traditionally believed that dryland salinity in the predominantly semi-arid Berg River basin originates from the weathering of sedimentary rocks that had formed under the ocean. However, De Clercq et al. (2010) indicated that the regolith in this semi-arid coastal region contains an abundance of stored salts of marine origin, which accumulated meteorically over a very long period. During this period, either the climate was drier than at present and/or a vegetation cover prevailed. This resulted in less water being discharged from catchments than what presently occurs under the prevailing land use (mainly winter wheat), because of increased water extraction and/or reduced surface runoff. In the present context, it seems increasingly likely that regolith salinity in the Berg River basin is primarily climate-driven and that the role of finer grained Malmesbury shales is not mineralogical, but rather one of hydrological mediation. De Clercq et al. (2010) also indicated therefore that the occurrence of rainfall in the catchment could be correlated with occurrence of salinity and that a negative relationship exists between the 2 parameters (Fig. 8) .
It was indicated for the Berg River catchment that the contribution of dryland salts to the water quality of the Berg River was much more significant than that of irrigation return flow. This can also be indicated by the relative percentages of land use in the Berg River catchment (Table 5 ).
Irrigation and soil water quality, and crop response
Crops are injured by both the quality of irrigation water and quality of the soil water. The mechanism and type of injury induced by the 2 water sources are different, and the degree of the injury also varies amongst crops. Thus, the effect of the 2 sources on crops will be discussed separately.
• Firstly, the quality of the irrigation water: Irrigation water that contains high concentrations of salt can damage the crop when the foliage is directly wetted with overhead irrigation. The severity of the damage depends on the leaf characteristics and rate of salt absorption by the foliage (Maas, 1986) . These properties differ widely amongst crops. For example, leaves of deciduous fruit trees (apricots, plums, etc.) absorb Na and Cl readily and are severely damaged. Citrus leaves absorb these ions at a slower rate, but still fast enough to cause damage. Avocado and strawberry leaves absorb salt so slowly that foliar injury is negligible. Maas (1986) grouped crops according to their relative sensitivity for salt absorption (Table 6) , which is a handy guideline. However, Rhoades and Loveday (1990) stated that the degree of the foliar injury can also be influenced by managerial factors, such as the concentration of the salts in the irrigation water, the frequency of irrigation and the time of irrigation. The higher the concentration of the salt in the irrigation water, the higher the absorption of salt by the leaves. Similarly, a higher irrigation frequency will result in a higher salt concentration in the leaves. The time of irrigation is important because the risk of foliar injury increases as the potential evaporation increases. This is because the rate of absorption increases rapidly as the solution evaporates from the leaf and the salt is concentrated. Once the (Maas, 1990) . Thus, it is better to irrigate during the night than during the day.
• Secondly, the quality of the soil water: Salt in the irrigation water will eventually be transferred to the soil during irrigation, changing the concentration and composition of salt in the soil water. Since only pure water evaporates at the soil and plant surfaces it implies that the salt will remain in the soil, unless leaching occurs. Thus, irrigation tends to concentrate the salt in soil water, which lowers the osmotic potential and hence the total soil water potential (matric plus osmotic) of the soil (Hillel, 1998) . The corresponding decrease in the potential difference between the root xylem and surrounding soil solution results in less water being taken up under conditions of normally adequate water supply. If the transpiration falls below the daily water requirement, water stress and yield losses are inevitable (Moolman et al., 1999; Van Rensburg, 2010) .
The degree of water stress and its effect on yields varies amongst crops. Thus, Maas and Hoffman (1977) established a simple equation to manage the effect of soil water quality (EC e ) on crop yield:
where: Y r = the percentage of the yield of the crop grown under saline conditions relative to that obtained under non-saline conditions a = the threshold electrical conductivity (mS·m ) is given in Table 7 . Ehlers et al. (2007) tested the thresholds for South African conditions using wheat, peas, beans and maize. Two experiments were conducted: A pot experiment in the glasshouse facility at the Bloemfontein main campus of the University ) represents the threshold which is calculated by means of Eq. (1). The thresholds of peas and 3 other crops are summarised in Table 7 . From the results it is clear that the crop-specific thresholds and slope differ between the 2 experiments conducted by Ehlers et al. (2007) . These thresholds also differ from those published by Rhoades and Loveday (1990 ; Table 7) . Salinity thresholds were also determined for grapevines in the Breede River. Details of the experiment were described by De Clercq et al. (2001b) . The research was conducted at Robertson (33 o 46'S, 19 o 46'E) under conditions of intensive 
